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ankri et al plaque burden. 2 On the molecular level, a specific molecular or cellular target is required that is specifically expressed between stable and vulnerable plaques. 5 Many noninvasive techniques are commonly used for molecular detection purposes. This includes targeted molecular imaging using magnetic resonance imaging, 6 positron emission tomography for detection of inflammatory leukocytes in atherosclerotic plaque, 7 single-photon emission computed tomography, 8 and many other imaging methods. 9 These techniques show some shortcomings, eg, they are highly expensive and complicated to use and some of them also use ionizing radiation. In this paper, we suggest a novel, highly sensitive, simple, inexpensive, and noninvasive method, which at the end of the way will lead to plaque detection and distinction of plaque types. The suggested method is based on the presence of macrophages (MΦ) in the vulnerable plaques and the ability of these cells to take up gold nanoparticles (GNP). 10 In this paper, we suggest combining the diffusion reflection (DR) detection method with the in vitro detection of AS using light scatter analysis by flow cytometry (FCM) method. In our previous work, we suggested the noninvasive detection of injured carotid arteries with DR measurements of gold nanorods (GNR). 11 DR is one of the simplest and safest imaging techniques for studying the physiological condition of biological tissues. On the basis of this technique, a pair of source and detector fiber is placed along the tissue surface, separated by distance origins from few millimeters to few centimeters. Injected photons undergo multiple elastic scattering and absorption events, and subsequently, the unabsorbed photons are collected by a detector placed on the tissue's surface, carrying quantitative information about the tissue structure. In order to achieve higher signal-to-noise ratios from DR measurements, we use GNR, which enhance the absorption and scattering properties of the irradiated tissue. The new DR-GNP method was already proved to be highly sensitive for cancer [12] [13] [14] [15] and AS detection. 11 In this work, we extend our previous findings and incubate MΦ with GNR to be analyzed with FCM. The results proved that the presence of GNR changed the cells' scattering behavior, enabling the detection of the inflammatory cells in the blood cytoplasm. We also show the noninvasive detection of MΦ cells in tissue-like conditions, 24 hours post their incubation with GNR, using DR measurements of phantoms containing MΦ and GNR.
Methods
Fabrication of gNP
Two types of GNP were utilized in this study: GNR and gold nanospheres (GNS). The GNR were synthesized using the seed-mediated growth method. 16 The GNR present the strongest absorption and scattering properties in the rednear-infrared range (commonly used in DR measurements due to a better penetration of light into the tissue 17 ), rather than GNS or gold nanoshells. 18 GNS were prepared using sodium citrate, according to Enüstun and Turkevich. 19 The GNP extinction coefficient spectra were determined using a spectrophotometer (Shimadzu Corporation, Tokyo, Japan), and the resultant extinction peaks are shown in Figure 1A and B. The GNS had an absorption peak at 520 nm ( Figure 1A , left panel) and an average diameter of 18.5±3.7 nm ( Figure 1C ). Three types of GNR were synthesized as follows: with absorption peaks at 630 nm (GNR1), 650 nm (GNR2), and 760 nm (GNR3). GNR1 were used for FCM analyses, while GNR2 and GNR3 were used for the tissue-like experiments as well as for the hyperspectral microscopy measurements. The particles size, shape, and uniformity were characterized using transmission electron microscopy. The resultant average shapes of the GNR ( Figure 1C ) were 40×18 nm (GNR1), 65×25 nm (GNR2), and 52×13 nm (GNR3), with a maximal size distribution of 10% (for GNR1). Aspect ratios (ARs) of the different types of GNR were 2.2, 2.6, and 4, respectively. Zeta potential of bare GNR was -32.2±0.9 mV and coated GNR was -49.1±0.8 mV. A significant difference that was obtained (by zeta potential and UV-vis spectroscopy) following coating demonstrates the efficiency of the chemical coating.
Preparation of MΦ and gNP loading
The preparation of monocyte and MΦ was previously described. 2, 11 After MΦ differentiation, the cells were loaded with GNP. The MΦ were incubated with the GNS or GNR at 37°C (95% humidity) for 24 hours in Roswell Park Memorial Institute medium. Supernatant GNP were removed by washing with phosphate-buffered saline, and cells were detached from the surface with trypsin (Biological Industries Ltd., Kibbutz Beit-Haemek, Israel) and then solidified within the phantoms or used in suspension for FCM analyses.
FcM analyses of gNs and gNr loading
The GNP uptake by MΦ was analyzed by FCM scatter measurements (FACSAria III cell sorter; BD Biosciences, San Jose, CA, USA), measuring two different concentrations of GNS and GNR1: 0.02 mg/mL and 0. 
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Diffusion reflection and flow cytometry for atherosclerosis detection were determined simultaneously with the 488 nm blue laser. MΦ were identified by direct immunostaining with FITCconjugated anti-human antibody directed against CD11b/ Mac-1 (BioLegend Inc., San Diego, CA, USA). As isotype control, IgG-FITC (BioLegend Inc.) was used.
The laser setup of the FCM included filters/mirrors as follows: SSC/FSC measurements were performed using a 488 nm laser with 488/10 nm filter and 655 nm and 502 nm low-pass (LP) mirrors. The GNS measurements were performed using a 561 nm laser with 582/15 nm filter and with 735 nm, 685 nm, and 630 nm LP mirrors. The GNR1 were irradiated with a 633 nm laser with 660/20 nm filter and 735 nm LP mirror.
Dr measurements
A noninvasive optical technique was designed and built (Negoh-Op Technologies Ltd., Yehud, Israel) for DR measurements, as detailed in Ankri et al. 20 The setup included a laser diode with wavelengths of 650 nm and 780 nm as an excitation source. Irradiation was carried out using a 125 µm diameter optical fiber (Linear Photonics LLC, Trenton, NJ, USA) to achieve a pencil beam illumination. We used a portable photodiode as a photo detector. The photodiode was kept in close contact with the tissue surface to prevent ambient light from entering the detection system and to avoid potential light loss through specimen edges. The distance between the light source and the photodiode is ρ, and the initial distance is ~1 mm. A consecutive reflected light intensity (Γ ) measurement was enabled using a micrometer plate that was attached to the optical fiber. The micrometer plate was moved by incremental steps of 250 µm each. As a result, the reflected light intensity was collected from 20 source-detector distances with ρ varying from 1 mm to 5 mm (a graphical description of the system is presented in Figure 2 ). The reflected intensity Γ (ρ), presenting in units of volt per millimeter, was collected using a digital scope (Mso7034a; Agilent Technologies, Santa Clara, CA, USA), and data were processed using the LabView (National Instruments, Austin, TX, USA) program.
Tissue-like phantoms
Solid phantoms presenting specific absorption and scattering coefficients were used in order to simulate human tissues with 21 The phantoms were prepared using 0.1% India ink (Royal Talens, Apeldoorn, Holland), as an absorbing component, and intralipid (IL) 20% (Lipofundin MCT/LCT 20%; B Braun Melsungen AG, Melsungen, Germany), as a scattering component. 21 All phantoms had the same ink and IL concentrations. In all, 1% agarose powder (SeaKem LE Agarose; Lonza, Allendale, NJ, USA) was added in order to convert the solution into a gel. The solutions were heated and mixed at approximately 90°C while the agarose powder was slowly added. The phantoms were cooled in vacuum conditions to avoid bubbles. The phantoms' solutions were stirred continuously (except for the period in which they were solidified in vacuum) in order to obtain high uniformity.
A solid phantom was prepared (within a 55 mm plate) containing ink and IL only, presenting a homogeneous phantom without MΦ or GNP. On the surface of this phantom, three smaller solid phantoms were deposited ( Figure 3A) . One small phantom served as a control measurement, containing MΦ only (2×10 6 cells/mL). The other two small phantoms contained 2×10 6 cells/mL of MΦ incubated with 0.2 mg/mL GNR2 or GNR3. The phantoms with the MΦ were prepared in 500 µL Eppendorf tubes, in order to keep a high concentration of MΦ within the phantom.
As additional control measurements, phantoms with GNR only (without MΦ, Figure 3B ) were also measured with our DR method. Two phantoms were prepared: one with 0.2 mg/mL of GNR2 and one with 0.2 mg/mL of GNR3. These phantoms served as control measurements to test whether the DR method enables the detection of the two kinds of GNR.
hyperspectral microscopy
Brightfield images of MΦ with 0.02 mg/mL of GNS and without GNS were captured by hyperspectral imaging (Nuance; Cambridge Research & Instrumentation, Inc., Woburn, MA, USA). A xenon illumination (UN2-PSE100, Nikon Corporation, Tokyo, Japan), along with 40× objective (0.75 NA) and a 32-bit 
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Diffusion reflection and flow cytometry for atherosclerosis detection ultrasensitive CCD camera detector (N-MSI-EX), was used for imaging in RGB mode. Microscopy was then performed with a Nikon 80i Microscope (Nikon Instruments, Melville, NY, USA). Images were acquired using the Nuance software version 2.1 (Cambridge Research & Instrumentation, Inc.). The data analysis was done as described in Fixler et al.
22
Results gNP uptake analyzed by FcM FCM scatter analyses of MΦ incubated with GNR were performed in order to determine GNP uptake in vitro. Cells were excited with the 633 nm laser line to measure GNR1 uptake, according to their absorption and scattering spectra ( Figure 1B) . Results for changes in the scattering behavior of MΦ labeled with the GNR are shown in Figure 4 . Cells within the SSC/FSC scatter plot were positive for CD11b expression (data not shown).
MΦ that were incubated with 0.02 mg/mL and 0.2 mg/mL of GNR1 caused a clear concentration-dependent increase in the 633 nm scattering characteristics: the 633 nm relative mean scatter intensity (Rel MSI, %) values were approximately 1,110 for control cells (MΦ without GNR) and increased 1.3-and 3.7-fold for addition of 0.02 mg/mL and 0.2 mg/mL of GNR1, respectively (Figure 4, top) . Similar results were obtained for MΦ incubated with GNS, measured with a 561 nm laser. The GNS uptake can be observed at 561 nm as the MSI from cells without GNS was approximately 550 intensity units, while the same intensities from cells incubated with 0.02 mg/mL and 0.2 mg/mL of GNS were 2.2-and 4.8-fold higher, respectively (Figure 4, bottom) . These results indicate a concentration dependency of the cells' 561 nm scattering characteristics following GNS uptake.
Dr measurements of MΦ within tissuelike phantoms that the phantoms with GNR of both types present higher average slopes than the baseline phantoms: for 650 nm illumination, the baseline phantom presented an average slope of 0.196, while the GNR2 phantom presented an average slope of 0.827 (P0.001). Similarly, for 650 nm illumination, the baseline phantom presented an average slope of 0.127, while the GNR2 phantom presented an average slope of 1.713 (P0.001). Thus, the DR system enabled discrimination detection of both GNR types incubated with the MΦ.
Three additional types of solid phantoms were measured at 650 nm and 780 nm illuminations according to the absorption peaks of the GNR ( Figure 1B, GNR1 and GNR2 ). We measured phantoms with MΦ incubated with 0.2 mg/mL of GNR1 and GNR2 and a control phantom with MΦ only. The slope of each reflectance spectrum was extracted (the procedure for the slope extraction is detailed in Ankri et al 12 ), and the average slopes are presented in Figure 5 . Regarding illumination with 650 nm, it is evident that the phantoms containing MΦ incubated with GNR2 present higher slopes than the control phantoms (average slopes of 0.748 and 0.266 for the GNR2 and control phantoms, respectively, P0.001). Yet, regarding illumination with 780 nm, the phantoms containing MΦ incubated with GNR3 did not present much higher DR slopes than the control phantoms (average slopes of 0.35 and 0.29 for the GNR3 and control phantoms, respectively, P0.05). This result might indicate that the MΦ uptake of GNR3 is in a lower amount compared to their uptake of GNR2, suggesting that the GNP uptake by the MΦ was selective, with dependence on the GNR AR. Additional hyperspectral microscopy analyses were performed in order to test this assumption, as shown hereinafter.
hyperspectral microscopy of gNr uptake by MΦ
The hyperspectral microscopy served to further test GNR2 and GNR3 (0.2 mg/mL) uptake by the MΦ. First, the spectra of pure GNR2 and GNR3 were captured by transmission light microscopy, in order to confirm that their spectra can be well observed by the microscope ( Figure 6A ). The resulting spectra are very similar to the transmission spectra presented in Figure 1C , suggesting major peaks at 650 nm and 760 nm for GNR2 and GNR3, respectively. Then, after the MΦ were incubated with the GNR, the cell images were captured by hyperspectral imaging. Figure 6B presents the reflectance spectra of the cells before (solid line) and after incubation with GNR (dotted line GNR3, dashed line GNR2). The reflectance spectra from the MΦ that were not incubated with GNR and the MΦ loaded with GNR3 presented similar curve progressions, as both presenting peaks appear at 560 nm. The fact that no peak appears at 760 nm, as should be if the MΦ are loaded with GNR3, indicates that these GNR have not been taken up well by the MΦ. The lowered reflectance intensity (1.5-fold) of MΦ with GNR3, compared to the control, indicates a low loading efficiency 
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Diffusion reflection and flow cytometry for atherosclerosis detection of this GNR type, similar to the results achieved by the DR measurements. In contrast, the reflectance from the MΦ labeled with GNR2 is different, presenting two peaks, at 540 nm and 650 nm, very similar to the absorption spectrum of the GNR2 ( Figure 1B) . Moreover, the reflectance intensity of the MΦ that were incubated with the GNR2 is reduced 3.7-fold in comparison to the MΦ without GNR and 2.4-fold compared to the MΦ with GNR3. The lower reflectance intensity is due to the absorption properties of the GNR, which cause a reduction in the intensity of light that is transmitted through the cells. Overall, a preferred uptake of GNR2 over GNR3 (lower AR), similar to the results achieved by the DR measurements, is presented, suggesting that the GNR uptake depends on their AR.
Discussion
The AS plaques are commonly divided into two categories: plaques with a high risk of rupture, the so-called vulnerable plaques, and plaques with a low risk of rupture, denoted as stable plaques. 8 Vulnerable plaques possess a thin fibrous cap over a large fatty core and inflammatory cells (eg, MΦ) within the plaque that release enzymes (such as collagenases 23 ) at the same time, breaking down collagen in the cap. The result is a weak fibrous cap that is highly susceptible to rupture. 8, 24 Thus, a real need to develop a noninvasive molecular imaging tool for early differentiation of stable and vulnerable atherosclerotic plaques is evident.
Over the last few decades, noninvasive methods have been developed in order to detect atherosclerotic disease before it becomes symptomatic. These have included anatomical imaging techniques such as coronary calcium scoring by computed tomography, 25 carotid intimal media thickness measurement by ultrasound, 26 and magnetic resonance imaging. 27 Despite the rapid progression in imaging techniques, the identification of inflamed active lesions within the coronary circulation remains elusive due to small plaque size, cardiac and respiratory motion, and the lack of suitable markers specific for the unstable plaque. Furthermore, anatomic detection methods are generally more expensive, and the physiologic methods do not quantify the current state of the disease accurately enough to track its progression. 28 Despite the analysis of intermediate monocytes in the peripheral blood to predict the risk for cardiovascular diseases, so far no satisfactory noninvasive diagnostic technique for AS detection exists. 29 Atherosclerotic vulnerable plaques are more symptomatic than stable ones as they are more likely to rapture. Major efforts are being made in order to find an appropriate technique for the specific detection of the vulnerable plaques. One of the most common ways for this purpose is the biomolecular detection of MΦ, which are a major component in the vulnerable plaque, while in the stable plaque, they present lower levels. 30 In this paper, we suggest to use the presence of MΦ in the vulnerable plaques and the fact that they can take GNP up for the specific detection of those plaques.
We present experiments of tissue-like phantoms with MΦ to mimic in vivo detection of AS. In addition, in vitro detection of MΦ, following their 24 hours incubation with GNP, was performed using FCM measurements. The combination of DR with ex vivo FCM scatter intensity quantitation of Figure 6 hyperspectral microscopy measurements. Notes: (A) Transmission measurements of bare gNr2 (dashed green line) and gNr3 (dotted red line) on slide. (B) gNr uptake by macrophages captured by the hyperspectral microscopy. Reflectance intensity from macrophages before (solid line) and 24 h post their incubation with 0.2 mg/mL of GNR2 (dashed line) and GNR3 (dotted line). The spectra of the macrophages that were not incubated with the gNr and of the macrophages that were incubated with gNr3 are very similar, presenting an intensity peak at approximately 580 nm, indicating a low gNr3 uptake. In contrast, macrophages that were incubated with gNr2 present a spectrum very much similar to the absorption peak of the gNr2, as was measured by the spectrophotometer. Abbreviations: gNr, gold nanorods; h, hours.
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ankri et al nanoparticle uptake by MΦ is useful for the development and characterization of MΦ subset-specific GNP. This optimization and verification of different loading capacities is needed before reintroduction of labeled cells into the patient and serves additionally as a quality control of the DR measurements.
GNP have long been used in the detection and imaging of biological processes and diseases. 31 The broad range of applications for GNP is based on their unique chemical and physical properties and, in particular, on their optical properties from the visible to the infrared region, depending on the particle size, shape, and structure. 32 Moreover, GNP can be easily targeted toward abnormal tissues as they can be simply bioconjugated to specific receptors. 13 Thus, once the GNP accumulate in the tissue, the DR profile changes according to the optical properties of the GNP.
Our cell preparation method was aimed to purify circulating monocytes and differentiate them to MΦ in vitro. Cells were stained with antibody directed against CD11b/Mac-1, which is known to immunostain MΦ 33 as well as granulocytes and natural killer cells. For a precise measurement of monocyte subpopulations, a combination of several markers might be necessary, as shown elsewhere. 34 Nevertheless, for the current approach, the CD11b staining showed to be sufficient, as also showed by others. 35 Once the presence of MΦ was proven, the cells were incubated with GNP for 24 hours and the GNP uptake was detected using FCM scatter analyses ( Figure 2) . Clearly, the 561 nm and 633 nm scattering intensity from the cells was consistently higher following incubation with GNS and GNR, respectively. Moreover, the 561 nm or 633 nm scattering intensity depended on the GNS or GNR1 concentration, as the scattering shift of the cells that were incubated with 0.2 mg/mL was much higher than for cells with a lower concentration of 0.02 mg/mL of these GNP, respectively. This is of high importance since a detection method that gives an indication to the concentration of MΦ can indicate the AS severity. Additional experiments are required in order to achieve a clear dependence between the MΦ concentration, GNP uptake, and the scattering intensity measured by FCM. It is well known that GNP are taken up by MΦ and are already applied for FCM analysis. The FCM measurements were already successfully proved to detect different nanoparticles 36 as well as nanoparticle uptake by cells. 37 Still, in this paper, we suggest to use the scatter properties of the GNP for FCM analyses, without any labeling or fluorescent staining, to study the uptake of the GNP into the MΦ cells.
Ideally, GNP loading of monocytes/MΦ in unseparated autologous whole blood samples or buffy coats and reintroduction into the patient is the least invasive and straightforward way of labeling. Testing if and how this labeling will work and how cell type-specific staining can be achieved will be the next steps of investigation. This approach will require the detailed analysis of uptake by the various subsets of monocytes presented in the peripheral blood and MΦ in the tissue. 38 Further research is needed to distinguish between cells from healthy tissues derived from embryonic MΦ precursors and inflammation and AS MΦ derived from recruited monocytes. Figure 3 presents DR results of phantoms containing MΦ 24 hours post their incubation with GNR of two ARs: 2.6 and 4 (for GNR2 and GNR3, respectively). The DR results suggest that the GNR uptake by the MΦ was selective; while the MΦ that were incubated with GNR2 showed a major increase in the average DR slope, compared with the average DR slopes of the control phantom, the DR average slope of the phantom containing MΦ that were incubated with GNR3 presented an almost identical value compared to the control phantoms. This result was confirmed using the hyperspectral microscopy, which ensured that GNR3 have been taken up less by MΦ compared to the MΦ uptake of the GNR2. The fact that GNP uptake by MΦ differs between GNS and GNR was already shown, eg, by Chithrani and Chan 39 and Arnida et al. 40 In addition, related work was done on HeLa cells, indicating that higher the GNR's AR, the lower their uptake by the cells, 41 similar to our results. Yet, this is the first time that different kinds of GNR suggest a different uptake by MΦ. Further investigation is required in order to understand the dependence between the GNP's shape and size and their uptake by different kinds of MΦ.
This work presents an innovative approach to detect atherosclerotic plaques by a combination of GNP labeling of MΦ, FCM scatter analyses quantification of uptake, the potential of reintroduction into the subject (presented by phantom measurements as a model), and DR analysis. We suggest that the DR measurements should be performed following FCM scatter-based optimization and quality control analyses of GNP uptake in peripheral blood mononuclear cells. Once the FCM scatter analyses indicate irregular scattering properties, due to the uptake of nanoparticles, the DR method can noninvasively detect the atherosclerotic area in the patient. More specific FCM analyses to identify different M subtypes following their incubation with different GNP should be performed. We expect different scattering shifts following different regions of plaques, thus enabling more specific and faster detection of AS. Additional questions that arise from this work are as follows: are these effects only particle concentration dependent or do they also depend on 
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Diffusion reflection and flow cytometry for atherosclerosis detection MΦ density? Can the shift in scatter be correlated to MΦ frequencies or plaque type? Does GNP uptake influence scatter behavior as well? Further investigations will be needed to answer these questions. Meanwhile, the first step toward a fast, highly sensitive, noninvasive, and inexpensive technique was established in this work. This paper paves the way toward a novel clinical method for the in vitro and, in the following, in vivo detection of AS.
